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Spintronicdevicescurrentlyrelyonmagneticswitchingorcontrolledmotionofdomainwallsbyanexternal
magnetic field or spin-polarized current. Achieving the same degree of magnetic controllability using an
electric field has potential advantages including enhanced functionality and low power consumption. Here
wereportonanapproachtoelectricallycontrollocalmagneticproperties,includingthewritinganderasure
of regular ferromagnetic domain patterns and the motion of magnetic domain walls, in CoFe-BaTiO3
heterostructures.Ourmethodisbasedonrecurrentstraintransferfromferroelasticdomainsinferroelectric
media to continuous magnetostrictive films with negligible magnetocrystalline anisotropy. Optical
polarization microscopy of both ferromagnetic and ferroelectric domain structures reveals that domain
correlationsandstronginter-ferroicdomainwallpinningpersistinanappliedelectricfield.Thisleadstoan
unprecedented electric controllability over the ferromagnetic microstructure, an accomplishment that
produces giant magnetoelectric coupling effects and opens the way to electric-field driven spintronics.
I
nthefieldofspintronics,researchers havecontrolledmagnetic switchinganddomainwallmotionusingspin-
polarized currents and these phenomena have formed the basis for magnetic random access memory
(MRAM)
1 and magnetic nanowire device concepts
2,3. Employing significant amounts of electrical current,
however, is inevitably accompanied by energy dissipation, and in this context, electric-field induced magnetiza-
tionreversalwithoutmajorcurrentflowwouldbedesirable.Multiferroicmaterialsthatcombineferromagnetism
and ferroelectricity are a promising candidate for the realization of electric-field controlled spintronic devices
4,5.
However, practicalrequirements such asstrong magnetoelectric coupling betweenbothferroic orderparameters
and room temperature operation pose significant scientific challenges for single-phase materials. Cross-linking
betweenferromagneticandferroelectricpropertiesviainterfaceeffectsinmultiferroicheterostructuresprovidesa
viable alternative, as it allows for an independent optimization of both ferroic phases
6. Up to now, several
mechanisms for magnetoelectric coupling at ferromagnetic-ferroelectric interfaces have been explored including
charge modulation
7–14, exchange interactions
15–21, and strain transfer
22–30. This has led to great advances in
electric-field control of macroscopic magnetic properties (anisotropy, exchange bias, and ferromagnetic res-
onance frequency) and the demonstration of interface-induced multiferroicity
14. An extension of this degree
of controllability to micromagnetic elements such as magnetic domains and domain walls would constitute
another important step towards the realization of practical devices, as it would enable electric-field actuation
of magnetic functions that up to now have only be addressed by an external magnetic field or spin-polarized
current.
In this work we demonstrate that it is possible to precisely write and erase regular ferromagnetic domain
patternsandtocontrolthemotionofmagneticdomainwallsinsmallelectricfields.Ourapproachconsistsoftwo
steps. First, a well-defined ferroelastic domain structure is fully transferred from a tetragonal ferroelectric to a
magnetostrictivemediumviainterfacestraintransferduringthinfilmgrowth.Hereafter,anelectricalbiasvoltage
is used to reversibly manipulate the original ferromagnetic microstructure by polarization reversal and domain
wall motion in the ferroelectric. The results show that microscopic features such as ferroelastic domain history
and ferromagnetic-ferroelectric domain wall pinning critically determine the magnitude of macroscopic mag-
netoelectric coupling effects. This report is an extension of our previous work that focused on domain pattern
transfer in multiferroic heterostructures
31. Here, we for the first time explain the development of local magne-
toelastic anisotropies in an applied electric field, we demonstrate electrical writing of regular ferromagnetic
domain patterns, and we show that strong pinning between ferromagnetic domain walls and ferroelastic domain
boundaries enables electric-field induced motion of magnetic domain walls.
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onto ferroelectric BaTiO3 substrates with a regular ferroelastic stripe
pattern that is typified by 90u in-plane rotations of the ferroelectric
polarization and elongated c axis (Fig. 1a). This ferroelastic a1 – a2
domain structure thus consisted of stripes wherein the elongation of
the unit cell in the substrate film plane (a 5 3.992 A ˚, c 5 4.036 A ˚)
induced uniaxial lattice strain and magnetoelastic anisotropy in the
overlaying ferromagnetic film. For full strain transfer, the relative
difference in strain along the c axis and a axis in the ferromagnetic
filmequals(c–a)/a51.1%.Rotationoftheelongatedcaxisby90uat
the domain boundaries also realigns the uniaxial magnetoelastic
anisotropyaxisand,asaresult,themagnetizationdirectionismodu-
lated by the ferroelectric stripe pattern. CoFe with an atomic per-
centageof60%Coand40%Fewasselectedasferromagneticmaterial
because of its large magnetostriction and small magnetocrystalline
anisotropy
32.Thismaterials choice ensuredthatlocalmagnetoelastic
energies compared favorably to other energy scales within the ferro-
magnet (exchange, magnetostatic, and magnetocrystalline aniso-
tropy energies), which is a prerequisite for electric-field control of
ferromagnetic microstructures. Both ferroelectric and ferromagnetic
domain patterns were imaged using optical polarization microscopy
techniques. Real-time measurements of domain correlations in an
applied electric field were facilitated by the use of optically semi-
transparent CoFe films with a thickness of 15 nm. Partial optical
reflection fromboththe BaTiO3substrate and the CoFe filmallowed
fortheimagingofferroelectric(birefringent contrast) andferromag-
netic (magneto-optical Kerr effect contrast) domains in exactly the
samesamplearea. Moredetailsonsamplefabricationandcharacter-
ization procedures are presented in the Methods section.
Results
Ferromagnetic-ferroelectric domain correlations. Full imprinting
of ferroelastic BaTiO3 domains into CoFe during thin film growth is
demonstrated in Fig. 1b. We find exact correlations between both
ferroic domain patterns across the entire sample area. Analysis of
the birefringent contrast of the ferroelectric substrate (FE) and the
magneto-optical Kerr contrast of the ferromagnetic film (FM)
indicates that the ferroelectric polarization and magnetization
directions are collinear in zero applied magnetic field. Precise
reproduction of the ferroelastic domain structure in the CoFe film
is explained by strain transfer at the heterostructure interface, which
induces local modulations in the uniaxial magnetoelastic anisotropy
via inverse magnetostriction. The micromagnetic structure changes
whenanout-of-planeelectricfieldofE510 kV/cmisappliedacross
the BaTiO3 substrate. Figure 1d compares the ferroelectric and
ferromagnetic domain patterns after reverting back to electrical
remanence (E 5 0 kV/cm). The images provide clear evidence of
highly correlated changes in both ferroic domain structures. In
the BaTiO3 substrate, the electric field transforms the ferroelectric
microstructure into alternating a1 and c domains with in-plane
and out-of-plane polarization, respectively. These ferroelastic
modifications are accompanied by the transfer of local strains to
the CoFe film, which, in turn, results in the erasure (on top of a1
domains) and conservation (on top of c domains) of the original
ferromagnetic stripe pattern. The schematic diagrams in Fig. 1
illustrate the correlations between the two ferroic microstructures
in the as-deposited and electric-field induced states.
Imprinting of local magnetic anisotropies. To interpret the
evolution of the ferromagnetic domain pattern, we need to first
unravel the strain-mediated relationship between local magnetic
anisotropies and the underlying ferroelectric domain structure. For
this purpose, we utilized our polarization microscope to measure
local magnetic hysteresis curves on single domain areas. Data as a
function of in-plane magnetic field angle were used to determine the
orientation of the uniaxial magnetic easy axis for each domain type.
Moreover,themagnitudeofthemagnetoelasticanisotropy(Kme)was
extracted by fitting the slope of hard-axis magnetization curves to
Ms/2Kme, where Ms is the saturation magnetization of CoFe (1.7 3
10
6 A/m). Figure 2 summarizes the results for all ferromagnetic-
ferroelectric domain combinations.
After growth, the ferromagnetic microstructure consists of altern-
ating a1 and a2 domains with horizontal and vertical magnetic easy
axesandKme51.7310
4 J/m
3.Thisanisotropyvaluecanbeputinto
perspectivebycomparingittoatheoreticalestimation.Forpolycrys-
talline films, Kme 5 3sl/2, where l is the magnetostriction constant
and s is the stress, which is proportional to the strain e via Young’s
modulus Y. Using e 5 1.1% for full strain transfer from the BaTiO3
substrate to the CoFe film and l 5 6.8 3 10
253 2and Y 5 2.5 3 10
11
J/m
33 3for CoFe, gives Kme, max 5 2.8 3 10
5 J/m
3. This calculation
suggests that less than 10% of the BaTiO3 lattice strain is transferred
during CoFe film growth. Yet, our experiments clearly demonstrate
Figure 1 | Growth- and electric-field induced ferromagnetic domain patterns. (a–d) Ferroelectric (FE) and ferromagnetic (FM) microstructure after
CoFe film growth on BaTiO3 (a,b) and the application of an out-of-plane electric field of 10 kV/cm (c,d). The ferroelectric and ferromagnetic domain
patterns in (b,d) are imaged using optical polarization microscopy techniques. The polarization direction and lattice elongation of the BaTiO3 substrate
(black rectangles with arrows), the orientation of the strain-induced magnetic easy axis (white rectangles with double-headed arrows), and the
magnetization direction in zero applied magnetic field (white arrows) are indicated.
www.nature.com/scientificreports
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domains into magnetostrictive films when other anisotropy contri-
butions are small.
Figure 1d shows that the ferromagnetic microstructure consists of
four different domain states after the application of an out-of-plane
electric field. On top of ferroelectric a1 domains, new compressive
and tensile strains in the original a2 stripes of the CoFe film forced
the uniaxial magnetic easy axis to rotate by 90u. As a result, the easy
magnetization directions of neighboring magnetic stripes align par-
allel and, thus, the growth-induced domain pattern is electrically
erased. The magnitude of the uniaxial magnetic anisotropy in the
original a2 stripes is found to increase significantly to Kme 5 1.5 3
10
5 J/m
3. This value compares more favorably to the theoretical
Kme, max and it clearly indicates that strain transfer is more efficient
whentheCoFefilmisclampedtotheBaTiO3substrate(ascompared
to the initial stages of film growth). For the magnetic a1 stripes,
the underlying ferroelectric lattice symmetry did not change, hence,
Kme remains small (2.1 3 10
4 J/m
3).
Similar arguments hold for the development of magnetic aniso-
tropies on top of out-of-plane ferroelectric c domains. In this case,
theferroelectricdomainexhibitscubiccrystallatticesymmetryinthe
substrateplane.Consequently,theCoFefilmiscompressedalongthe
sameaxisalongwhichitobtainedasmalltensilestrainduringdepos-
ition. As the electric-field controlled lattice compression in the CoFe
film exceeds the growth-induced strain, the uniaxial magnetic easy
axis rotates by 90u in both stripe domains and the strength of the
magnetic anisotropy is found to increase to Kme 5 1.3 3 10
5 J/m
3.
The original magnetic a1 and a2 domains thus transform to a2 and
a1 stripes, respectively, but the overall pattern remains the same.
Electric-field induced formation of ferroelectric c domains thus
resultsintheconservationandstabilizationoftheoriginalferromag-
netic domain structure.
Electric-field writing of ferromagnetic domain patterns. We now
demonstrate that strain-mediated ferroic domain correlations in
CoFe-BaTiO3 can be used to write and erase regular ferromagnetic
domain patterns in small electric fields. An example is shown in
Fig. 3, which depicts the evolution of the ferromagnetic domain
structure as a function of out-of-plane bias voltage. First, the
ferroelectric polarization of the BaTiO3 substrate is saturated by a
bias voltage of 120 V (Fig. 3a). As previously discussed, this uniform
cdomainproducesaregularferromagneticstripepatternintheCoFe
film. Reverting back to zero bias causes the ferroelectric micro-
structure to relax into alternating a1 and c domains (Fig. 3b).
Consequently, the local strain state in the CoFe film and, thereby,
the magnetoelastic anisotropies alter in accordance with Fig. 2. This
resultsintheerasureofmagneticstripes ontopoftheferroelectrica1
domains. Subsequent application of a small bias voltage causes the
Figure 2 | RelationbetweenlocalmagneticanisotropiesintheCoFefilmandtheferroelectricdomainstructureoftheBaTiO3substrate. Thehysteresis
curves are measured on single domain areas withthe applied in-plane magnetic field along the vertical axisof all images in this article. The solid red lines
are linear fits to the hard-axis magnetization curves.
Figure 3 | Recurrent electric-field writing and erasure of ferromagnetic
domainpatterns. (a,b)Polarizationmicroscopyimagesoftheferroelectric
(FE) and ferromagnetic (FM) domain structure during the application of
an out-of-plane bias voltage. Correlations between the ferromagnetic
microstructure and the underlying ferroelectric lattice are evident.
www.nature.com/scientificreports
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sideways motion of the ferroelastic a1 – c domain boundaries. This
again modifies the local strain states in the CoFe film and the regular
magnetic stripe pattern is electrically rewritten. The images of Fig. 3
indicate that electric writing and erasure of ferromagnetic patterns
based on strain-mediated correlations between local magnetic
anisotropies and underlying ferroelastic domains is reversible. We
note that this unprecedented electric-field control of ferromagnetic
microstructures was obtained at room temperature without the
application of a magnetic field.
Macroscopically, interlinking between ferromagnetic and ferro-
electric order parameters is often quantified by the converse magne-
toelectric coupling coefficient, a 5 m0DM/DE. In our study, this
coefficient is estimated from the electric-field induced change in
the sample area that is covered by ferroelectric a1 domains (Da1).
At0 V,theferroelectrica1domainscoverabout65%oftheCoFefilm
andthisreducesto0%at120 V(E52.4 kV/cm).Byalsotakinginto
account that half of the CoFe film magnetization on top of the
BaTiO3 substrate rotates by 90u when the ferroelectric a1 domains
are replaced by ferroelectric c domains, we find a 5 0.5m0MsDa1/DE
5 3 3 10
26 s/m, which is about one order of magnitude larger than
previouslyreportedresults
23,29.Ourexperimentsthusclearlyindicate
that giant magnetoelectric coupling effects can be realized by careful
optimization of the ferromagnetic and ferroelectric microstructures.
Electric-field induced magnetic domain wall motion. Another
intriguing observation in our work is electric-field control of
magnetic domain wall motion. Here we analyze the main effects
and the underlying driving mechanism. Figure 4a shows an
enlarged image of the ferromagnetic domain pattern on top of
ferroelectric c and a1 domains. Two different types of magnetic
domain walls are distinguished. The walls labeled as (1), appear on
topof ferroelectric c domains andtheir location is determined bythe
position of a1 – a2 boundaries in the BaTiO3 substrate during CoFe
film growth. Thus, although this type of magnetic wall is not directly
pinned onto an existing ferroelastric boundary, its physical pro-
perties (location, width, and pinning strength) are determined by
local magnetic anisotropies that result from a previous ferroelastic
domain configuration. This observation underpins the importance
of ferroelastic domain history on magnetoelectric coupling effects.
The length of this type of magnetic domain wall equals
ﬃﬃﬃ
2
p
times the
width of the ferroelectric c domains and, hence, these walls extend
over the entire sample in saturation (120 V). In contrast, the
magnetic domain walls labeled as (2) in Fig. 4a are pinned on top
ofexistingferroelastica1–cdomainboundaries.Sidewaysmotionof
suchferroelasticboundariesinanout-of-planeelectricfieldresultsin
thereappearanceoftype-1wallsatpre-definedlocations,whiletype-
2 walls are dragged along by their ferroelectric counterpart (Fig. 3).
The length of type-2 walls varies from 4 nm to 10 nm, which is
ﬃﬃﬃ
2
p
times the original a1 – a2 stripe width. To analyze the properties of
magnetic domainwalls inmore detail,weperformed micromagnetic
simulations using the local magnetic anisotropies of Fig. 2 as input
parameters (Fig. 4b). From these simulations, the spin rotation
within the domain wall and the pinning energy are extracted. The
results confirm that type-1 and type-2 domain walls are strongly
pinned onto previous and existing ferroelastic boundaries, re-
spectively (Fig. 4c–d). The pinning energy profile provides an ever
increasing barrier for lateral wall displacement which cannot be
overcome by thermal activation effects. Pinning of ferromagnetic
domain walls onto ferroelastic boundaries is therefore robust and
the strong link between both ferroic domain walls is only broken if
one of the walls is destroyed by saturation of its ferromagnetic or
ferroelectricorder. Theseresultsshowthatitispossible toaccurately
control the position of pinned magnetic domain walls by sideways
motion of ferroelastic boundaries in an applied electric field.
Discussion
We have demonstrated that strain transfer from ferroelastic
domains in ferroelectric media to magnetostrictive materials can
be used to exactly copy ferroelectric domain patterns into fer-
romagnetic thin films. This provides us with an unprecedented
ability to write and erase ferromagnetic domains in an electric field
and to accurately control the motion of magnetic domain walls.
Polarization microscopy analysis of both ferroic domain structures
after thin film growth and during the application of an electric
field reveals that a strain-mediated mechanism couples the ferro-
electric and ferromagnetic microstructures. The efficiency of lattice
strain transfer during film growth is found to be less than 10%.
Yet, by selecting a ferromagnetic material that combines large
magnetostriction and negligible magneto-crystalline anisotropy it
is possible to obtain full coherency between ferroelectric and fer-
romagnetic domains. Another important observation is the persist-
ence of growth-induced ferromagnetic domain patterns. When the
ferroelectric microstructure is altered by the application of an elec-
tric field, new ferroelectric domains are imprinted into the fer-
romagnetic film by efficient strain transfer. However, the original
ferromagnetic stripe domains that are formed during film growth
remain visible. The new ferromagnetic microstructure is a super-
position of two domain patterns and consists of four domains with
distinctive uniaxial magnetoelastic anisotropies (Fig. 2). The obser-
vation of this memory effect has important implications for elec-
tric-field control of ferromagnetic domains and, more generally,
Figure 4 | Electric-field induced magnetic domain wall motion.
(a) Polarization microscopy image of the ferromagnetic domain structure
on top of ferroelectric c (left) and a1 (right) domains. Two types of
magneticdomainwalls(numberedby(1)and(2))andthe underlying a1–
c domain boundary are indicated by solid and dashed lines, respectively.
The black arrows indicate the direction of domain wall motion in an out-
of-plane electric field. (b) Micromagnetic simulation of the magnetic
microstructure in (a). (c,d) Spin rotation within the magnetic domain
walls and pinning energies indicating strong clamping of ferromagnetic
walls onto ferroelastic boundaries (or magnetic anisotropy distributions
that are the results of such boundaries). The pinning energy is calculated
permmdomainwalllength.Theasymmetryinthewallprofileandpinning
energy in (d) is due to different magnetic anisotropy strengths on the left
(Kme 5 1.3 3 10
5 J/m
3) and right (Kme 5 2.1 3 10
4 J/m
3) side of the
ferroelastic domain boundary.
www.nature.com/scientificreports
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tric order parameters. In carefully designed heterostructures it can
be used to electrically write and erase well-defined ferromagnetic
domain patterns over large areas and to establish giant magneto-
electric coupling effects. Another consequence of ferroelastic
domain history is the formation of ferromagnetic domain walls
(type-1) at pre-defined locations in an applied electric field.
Pinning of ferromagnetic domain walls on top of ferroelastic
boundaries enables electric-field control of magnetic domain wall
motion. This is an interesting finding because it offers a low-power
alternative to spin-torque driven domain wall dynamics, which
requires the passing of spin-polarized currents. In our CoFe-
BaTiO3 heterostructures, strong coupling between ferromagnetic
and ferroelastic domain walls is due to an abrupt rotation of the
strain-induced magnetoelastic anisotropy axis at 90u ferroelastic
boundaries. Micromagnetic simulations indicate that the pinning
strength is proportional to the magnetoelastic anisotropy constant
(Kme)andthattheenergyprofileincreaseslinearlyforlargemagnetic
walldisplacementsawayfromferroelasticboundaries.Asaresult,the
magnitude of the potential barrier cannot be overcome for suffi-
ciently large domain wall separations. This provides us with the
unique ability to accurately control the position of ferromagnetic
domain walls by sideways motion of the underlying ferroelastic
boundaries in an applied electric field. We note that these promising
results represent a proof-of-concept and that future experimental
and theoretical studies are necessary to carefully examine the
dynamics of coupled ferroic domain walls. Also, we expect that
ferromagnetic domain wall pinning onto ferroelastic boundaries is
a generic effect and that these results are transferrable to patterned
nanostructures and other electric field and ferroelastic domain
configurations.
Methods
Thin CoFe films with an atomic percentage of 60% Co and 40% Fe were directly
grown onto ferroelectric BaTiO3 substrates by electron-beam evaporation at room
temperature. Each film was covered by a 3 nm thick Au capping layer to prevent
oxidation under atmospheric conditions. The thickness of the CoFe films was 15 nm
and x-ray diffraction, atomic force microscopy, and transmission electron micro-
scopy measurements confirmed the growth of smooth polycrystalline layers with a
small root mean square roughness of ,0.5 nm. The 0.5 mm thick BaTiO3 substrates
containedaregulara1–a2domainstripepatternduringCoFefilmgrowth.Thewidth
of the ferroelastic stripes varied from 3 – 7 mm.
The ferromagnetic and ferroelectric domains were imaged independently using
optical polarization microscopy techniques. The microscope consisted of polar-
izing optics, an adjustable diaphragm, a 1003 objective, a CCD camera and an
electromagnet for the application of in-plane magnetic fields. The ferroelectric
BaTiO3 domains were imaged using birefringent contrast with the polarizer and
analyzer in cross-configuration. During these measurements the CoFe film was
saturated by an in-plane magnetic field to eliminate magneto-optical Kerr contrast
from overlying magnetic domains. The magnetic domain patterns were measured
using the magneto-optical Kerr effect. In this case, the polarizing optics was set to
a few degrees from extinction (to optimize the magneto-optical Kerr contrast) and
a background subtraction method was used to zero-out contrast from structural
defects and ferroelectric domains. Local magnetic hysteresis curves were con-
structed from the evolution of magnetic contrast in single domain areas during
magnetization reversal. All ferromagnetic domain images in this paper (including
those recorded as a function of out-of-plane bias voltage) were obtained at room
temperature and zero applied magnetic field. Electric fields were generated by
using the CoFe/Au film as top electrode and silver paint on the back of the
BaTiO3 substrates as bottom electrode. The electric bias voltage was ramped at
10 – 20 V/minute and a 203 objective was used to provide enough space for
wiring during the poling experiment (Fig. 3).
The micromagnetic simulations (Fig. 4) were conducted using object oriented
micromagnetic framework (OOMMF) software
34.To closely mimic the experiments,
the local magnetoelastic anisotropies of Fig. 2 were used as input parameter for the
different magnetic domains. Other parameters included a saturation magnetization
of Ms 5 1.7 3 10
6 A/m and a uniform exchange constant of Kex 5 2.1 3 10
211 J/m.
The domain wall pinning potentials were calculated from the orientation of
magnetic spins along a line perpendicular to the walls using
Ux ðÞ ~lt
Ð ?
{? Kme x ðÞ sin2 h x ðÞ {a x ðÞ ðÞ dx, where Kme(x), h (x), and a(x) are the
strain-induced magnetoeleastic anisotropy, the angle of the spin moment, and the
orientation of the uniaxial magnetic easy axis as a function of position, respectively.
The parameters l and t indicate the length of the domain wall and the film thickness.
In Figs. 4c and 4d, the pinning potential is calculated per mm domain wall length, i.e.
l 5 1 mm.
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